Although there are a few isolated examples of excellent strength and ductility in single-phase metals with ultrafine grained ͑UFG͒ structures, the precise role of different microstructural features responsible for these results is not fully understood. Here, we demonstrate that a large fraction of high-angle grain boundaries and a low dislocation density may significantly improve the toughness and uniform elongation of UFG Cu by increasing its strain-hardening rate without any concomitant sacrifice in its yield strength. Our study provides a strategy for synthesizing tough UFG materials. transformation-and twinning-induced plasticities, 7 and changing the deformation conditions. 8 A few examples of excellent strength and ductility in single-phase UFG metals 9,10 were recently reported, but the structural features responsible for these results are not well understood. In view of these findings, the objective of the present study was twofold: first, to develop a strategy for increasing the ductility/ toughness of large bulk UFG Cu, and second, to evaluate the mechanism contributing to high ductility in UFG Cu.
Bulk nanostructured ͑NS͒ and ultrafine grained ͑UFG͒ materials usually have high strength but disappointingly low ductility. 1 It is now well established that the low ductility of NS and UFG materials is caused by either extrinsic flaws such as porosity or intrinsic microstructures that possess low strain hardening/dislocation storage capacity. Accordingly, several different strategies have been developed recently to improve the poor ductility of NS materials, including the introduction of a bimodal grain size distribution, 2 the preexisting nanoscale twins, 3,4 dispersions of nanoparticles and nanoprecipitates, 5 a mixture of two or multiple phases, 6 transformation-and twinning-induced plasticities, 7 and changing the deformation conditions. 8 A few examples of excellent strength and ductility in single-phase UFG metals 9, 10 were recently reported, but the structural features responsible for these results are not well understood. In view of these findings, the objective of the present study was twofold: first, to develop a strategy for increasing the ductility/ toughness of large bulk UFG Cu, and second, to evaluate the mechanism contributing to high ductility in UFG Cu.
Two pure copper ͑99.99%͒ samples were processed by severe plastic deformation ͑SPD͒ techniques to form two different UFG structures. The first was a Cu bar processed by equal-channel angular pressing ͑ECAP͒ for 12 passes using route B C to produce a UFG structure with predominantly low-angle grain boundaries ͑LAGBs͒ and high dislocation densities ͑hereafter, designated as the UFG ECAP sample͒. The other sample was a pure copper disk with a thickness of 0.8 mm and diameter of 10 mm processed by high pressure torsion ͑HPT͒ for five revolutions under a pressure of 6 GPa and then it was cold rolled ͑CR͒ to a thin ribbon with a thickness of 0.2 mm to produce a UFG structure with predominantly high-angle GBs ͑HAGBs͒ and lower dislocation densities ͑henceforth, designated as the UFG HPT+CR sample͒. Both type of samples were cut and polished into tensiletesting specimens with gauge dimensions of 10ϫ 1 ϫ 0.15 mm 3 . Uniaxial tensile tests were performed at room temperature with an initial strain rate of 1.7ϫ 10 −4 s −1 . The gauge sections of the tensile specimens were examined using x-ray diffraction ͑XRD͒ to determine the dislocation and twin densities. Transmission electron microscopy ͑TEM͒ specimens were prepared by mechanical grinding and ion milling with liquid nitrogen cooling. Quantitative electron backscatter diffraction ͑EBSD͒ scans were performed on electropolished specimens.
The engineering stress-strain curves of the UFG ECAP and UFG HPT+CR samples are compared in Fig. 1͑a͒ . It is apparent that both samples have similar 0.2% yield strengths of ϳ420 MPa ͑marked by open circles͒ but they exhibit very different uniform elongations and different stress-strain curves. The UFG ECAP Cu sample started necking shortly after yielding, leading to a uniform elongation of only ϳ1.0% and an elongation to failure of only ϳ4.5%. By contrast, the UFG HPT+CR sample underwent strain hardening, giving a uniform elongation of ϳ2.2% and a subsequent elongation to failure of ϳ5.1%. Repeating the tests indicated that the error of the uniform elongation is smaller than 0.5%. Moreover, after the onset of necking, the reduction in the strainhardening rate in the UFG HPT+CR sample was significantly slower than in the UFG ECAP sample giving a higher toughness. The uniform elongation was determined using the Considère criterion and the limits of uniform elongation are marked by the symbol "ᮀ" on every curve. Figure 1͑b͒ demonstrates that the UFG HPT+CR sample has a higher normalized strain-hardening rate ⌰ than UFG ECAP Cu and this is consistent with the higher uniform elongation in UFG HPT+CR copper. Specifically, the UFG HPT+CR sample displays a positive strain-hardening rate to a significant strain whereas, by contrast, the rate in the UFG ECAP sample de-creases to negative values after a small plastic strain. It is instructive to note also that these experiments used tensile samples with a thickness of 0.15 mm and work currently in progress suggests that thicker samples exhibit even higher ductilities due to a size effect.
TEM and EBSD investigations indicate that the UFG ECAP sample contains a majority of LAGBs while the UFG HPT+CR sample has a high fraction of HAGBs. As shown in Fig. 2͑a͒ , the majority of grain boundaries in the UFG ECAP Cu are wavy and diffuse so that the difference in contrast between neighboring grains is slight. Both the slight contrast difference and the wavy and diffuse boundaries are caused by small orientation variations among the grains/subgrains which are primarily in a nonequilibrium state with extrinsic ͑nongeometrically necessary͒ dislocations or other interface defects.
11 By comparison, most of the grain boundaries in the UFG HPT+CR sample are sharp and clear ͓Fig. 2͑b͔͒ and the contrast between neighboring grains is larger, thereby suggesting these are boundaries with higher misorientation angles. By tilting some grains to a ͗110͘ zone axis and checking the angle differences between neighboring grains/ subgrains, it was concluded that the UFG HPT+CR Cu contained a higher fraction of HAGB than the UFG ECAP Cu. It appears that the HAGBs of the UFG HPT+CR Cu were formed primarily during the HPT process, 12 together with partial recrystallization during CR as suggested by the EBSD observations. The average grain sizes measured from the TEM images are ϳ180 nm in UFG HPT+CR Cu and ϳ290 nm in UFG ECAP Cu.
The grain boundary misorientation distributions determined using EBSD are shown in Fig. 3 . Considering all boundaries Ͼ2°, the UFG HPT+CR sample has ϳ56% of HAGBs with misorientations Ͼ15°, whereas the UFG ECAP sample has only ϳ32% of HAGBs. The various peaks observed in the UFG HPT+CR misorientation distribution have three potential sources. First, a plane strain deformation texture developed during the rolling process and this yielded preferred misorientations at 35.3°, 35.6°, 43°, 45°, 46°, and 54.7°. 13 Second, there may be preexisting ⌺3 ͑60°͒, ⌺27a ͑31.6°͒, and ⌺27b ͑35.4°͒ coincident-site lattice ͑CSL͒ boundaries that were inherited from the recrystallization twin population and associated boundary reaction networks within the initial microstructure.
14 Third, CSL boundaries may develop from twin growth related to partial recrystallization of the UFG HPT+CR microstructure during the rolling deformation. However, these peaks only account for ϳ10% of the HAGBs in the UFG HPT+CR Cu sample. It follows therefore that the fraction of general HAGBs in the UFG HPT+CR Cu sample is ϳ51% and this is ϳ20% higher than in the UFG ECAP sample where the fraction is only ϳ32%.
The dislocation and twin densities of the UFG HPT+CR and UFG ECAP Cu samples were analyzed by XRD. 15, 16 It was found that the dislocation density in UFG HPT+CR Cu was ϳ2.3ϫ 10 14 m −2 , which is much smaller than that in UFG ECAP Cu ͑ϳ4.3ϫ 10 14 m −2 ͒. This result was further confirmed by high-resolution TEM. The twin density, defined as the probability of finding a twin boundary between any two neighboring ͕111͖ planes, was measured as ϳ0.1% for both the UFG HPT+CR and UFG ECAP samples, respectively. Moreover, the XRD patterns showed that the UFG ECAP has a ͕111͖ texture and UFG HPT+CR has a ͕110͖ rolling texture.
There is probably a simple explanation for the similar yield strengths of the UFG HPT+CR and UFG ECAP samples. It is anticipated that the smaller grain size and larger fraction of HAGBs in the UFG HPT+CR Cu sample will increase the yield strength but this effect may be essentially cancelled by a decrease in strength due to the lower dislocation density. Moreover, this lower dislocation density provides additional confirmation that a recovery process was active during the SPD process in the UFG HPT+CR Cu sample.
These experimental results suggest that the presence of general HAGBs combined with a low dislocation density are more effective in enhancing the uniform elongation/ toughness of UFG metals than LAGBs plus a high dislocation density. The mechanism for increasing strain hardening due to the presence of general HAGBs is not fully understood. One possibility is that HAGBs are more effective in blocking slipping dislocations, thereby forcing the dislocations to tangle and accumulate near the boundaries. By contrast, it is probably easier for slipping dislocations to react with extrinsic dislocations in the LAGBs and this may lead to an annihilation of dislocations and a near-zero dislocation accumulation as in the case of the UFG ECAP Cu sample. Another possible mechanism for general HAGBs to increase the strain hardening is by the occurrence of grain boundary sliding since sliding has been observed experimentally in UFG Al and Cu by SPD processing 17 and it is well established that random HAGBs slide more easily than LAGBs. 18 Furthermore, the presence of sliding will lead to dislocation emissions at triple junctions due to the presence of high stress concentrations and these dislocations may also act to increase the strain-hardening rate.
The lower dislocation density in the UFG HPT+CR sample is probably the main reason for its higher strain-hardening rate compared with the UFG ECAP sample. The low dislocation density in UFG HPT+CR may allow further dislocation accumulation during the tensile tests, and this may lead to strain hardening. Earlier reports demonstrated that preexisting growth twins are effective in blocking and storing dislocations to give an improvement in strain-hardening rate. 3, 4 However, the influence of twin and other CSL boundaries in increasing the strain-hardening rate is essentially negligible in the present study because their fractions are small compared with the fraction of general HAGBs.
In summary, the present study demonstrates that a large fraction of equilibrium HAGBs and a low dislocation density can improve the toughness and uniform elongation of UFG materials. This study suggests an approach, based on imparting excessive processing plastic strain, by which the ductility of UFG materials may be improved. Furthermore, although the specimens used in the present study were relatively small, it should be noted that the same strategy may be easily scaled up for the processing of large bulk UFG materials for use in practical applications. 
